Highlights d The dual-forked protospacer is integrated via a cut-andpaste mechanism 
In Brief
Cas1 and Cas2 select an invading DNA sequence, termed protospacer, for insertion into the CRISPR locus of the host cell. The structure of the Cas1-Cas2-protospacer DNA complex reveals the dual-forked nature of the protospacer, explains how the protospacer is selected, and identifies how protospacer length is predetermined.
Accession Numbers 5DQU 5DLJ 5DQT 5DQZ
INTRODUCTION
The clustered regularly interspaced short palindromic repeats (CRISPR), together with CRISPR-associated (Cas) proteins, form the microbial adaptive immune system that protects against invading phages and plasmids. The CRISPR array consists of identical short repeats interspaced by similarly sized variable spacers, which are acquired from the foreign DNA (Figure 1A) (Barrangou et al., 2007; Barrangou and Marraffini, 2014; Brouns et al., 2008 ). An A-T-rich leader sequence located upstream of the first repeat is essential for spacer acquisition and promotes the transcription of the CRIPSPR array (Pougach et al., 2010) . The CRISPR-Cas system defends against invasive nucleic acids from phages or plasmids in three steps (van der Oost et al., 2014) . First, in the spacer acquisition step (also called adaptation), a new spacer is acquired from the invader DNA and integrated into the CRISPR locus (Barrangou et al., 2007; Fineran and Charpentier, 2012) . Second, the CRISPR locus is transcribed and processed into short mature CRISPR RNA (crRNA), which then binds to Cas proteins and forms a protein-RNA complex (Brouns et al., 2008) . Finally, the invading nucleic acid complementary to crRNA is recognized and degraded by the protein-crRNA complex (Garneau et al., 2010; Hale et al., 2009; Marraffini and Sontheimer, 2008) . While the molecular mechanisms of expression and interference steps are now well characterized in molecular and functional terms, the adaptation step still awaits detailed analysis.
Recent studies have shown that the protospacer-adjacent motif (PAM) is fundamental to avoid auto-immunity. Only if the invading DNA is flanked by the correct PAM can it be cleaved during interference . Furthermore, it was shown that PAMs are of critical importance for recognition and selection of protospacer during acquisition. It was found that protospacers flanked by the correct PAM could be incorporated into the CRISPR array Mojica et al., 2009) . Interestingly, in Escherichia coli, the last nucleotide of the new repeat is derived from the first nucleotide of the incoming spacer, and this nucleotide is indeed the last nucleotide of the PAM sequence (Datsenko et al., 2012) .
Cas1 and Cas2 are the only two Cas proteins universally conserved across all CRISPR-Cas systems (Makarova et al., 2011) . Previous in vitro analysis showed that Cas1 is a metaldependent DNase, capable of cleaving single-stranded (ss) DNA, double-stranded (ds) DNA, cruciform DNA, and branched DNA in a sequence-independent manner (Babu et al., 2011; Wiedenheft et al., 2009 ). Likewise, Cas2 was identified as a metaldependent endoribonuclease that cleaves ssRNA or dsDNA (Beloglazova et al., 2008; Gunderson et al., 2015; Ka et al., 2014; Nam et al., 2012) or, alternately, shows no significant nuclease activity (Samai et al., 2010) . However, one recent study demonstrated that the ''active site'' of Cas2 is not required for spacer acquisition (Nuñ ez et al., 2014) , suggesting that Cas2 could play other as-yet unknown functions.
Overexpression of E. coli Cas1 and Cas2 induces new spacer acquisition by inserting exactly 33 nt foreign DNA behind the first repeat, indicating that Cas1 and Cas2 are both necessary and sufficient for new spacer acquisition. Previous studies demonstrated that Cas1 and Cas2 form a stable complex, which functions as an integrase that incorporates the new spacers into the CRISPR locus (Arslan et al., 2014; Nuñ ez et al., 2014 Nuñ ez et al., , 2015 Rollie et al., 2015) . In E. coli, the integration process involves the staggered cleavage of the first CRISPR repeat, and new spacers are incorporated proximal to the leader sequence . From this, three fundamental questions arise as to how Cas1-Cas2 mediates the spacer acquisition. First, what are the physiological DNA substrates of Cas1-Cas2, and what are the respective roles of Cas1 and Cas2 proteins? Second, while the spacers are known to be of a set length in each species, what are the molecular mechanisms underlying spacer length determination? Third, how does the acquisition machinery select protospacers containing a PAM sequence?
To understand the molecular mechanisms of spacer acquisition, we determined the crystal structure of E. coli Cas1-Cas2 bound with dual-forked DNA. Our structure highlights the following mechanistic principles related to new spacer acquisition. We demonstrate that the protospacer DNA captured by Cas1-Cas2 adopts a dual-forked form, with the 3 0 overhangs of the protospacer essential for new spacer acquisition. The PAM-complementary sequence (5 0 -CTT-3 0 ), located within the 3 0 overhang, is recognized in a sequence-specific manner and is cleaved by Cas1a, generating a DNA intermediate that has 5-nt 3 0 overhangs on the two partner strands. Given that tyrosine residues cap either end of a 23-bp duplex, Cas1-Cas2 predetermines the length of the newly acquired spacer, (E) The surface view of the Cas1-Cas2 dual-forked DNA complex in the same orientation as Figure 1D , bottom. See also Figure S1 and Table S1 .
thereby highlighting the role of both Cas1 and Cas2 in the acquisition mechanism. Moreover, Cas1-Cas2 undergoes a significant conformational change upon protospacer binding, thereby generating optimal protospacer and target binding sites.
RESULTS
Crystal Structure of Cas1-Cas2 Bound to Single-Forked DNA Both Cas1 and Cas2 are capable of cleaving various types of DNA in vitro. However, the exact DNA substrate of the Cas1-Cas2 in vivo has remained unknown. To obtain a crystal of the Cas1-Cas2-DNA complex, we co-crystallized the protein complex with various DNAs. As shown in Figure S1A , initially only the single-forked DNA containing a 10-bp duplex and 3 0 and 5 0 oligo-T overhangs of 10-nt length crystallized, resulting in a low-resolution structure of this complex at 4.5 Å .
Search and Optimization of the DNA Substrate
In terms of nomenclature, within each symmetric half of the complex, the proteins are labeled Cas1a, Cas1b, and Cas2 and Cas1a 0 , Cas1b 0 , and Cas2 0 . Analysis of our structures showed that this complex contains a pair of Cas1 dimers sandwiching one Cas2 dimer ( Figure S1B ), similar to the structure of DNAfree Cas1-Cas2 (Nuñ ez et al., 2014) . In this 2-fold symmetric complex, the two single-forked DNAs lie on the surface of the Cas1-Cas2 in a head-to-head orientation. Each 10-bp duplex lies on the interface of a Cas1a/b dimer, with the fork facing toward the edge of the Cas1a/b dimer and the duplex end positioned on the Cas1-Cas2 interface. These findings strongly indicate that the two DNA forks always face toward the outside of Cas1-Cas2, suggesting that this orientation of the forks is fixed in the protein complex.
While the two forks are facing outward, the blunt ends of both duplexes extend toward the center, where the Cas2 dimer is located. Interestingly, the blunt ends do not meet but leave a gap in between, indicating that Cas1-Cas2 associates with duplex DNA longer than 20 bp. To test this assumption, we used various substrates, including single-fork DNA containing either 11-or 12-bp duplexes and dual-forked DNA with duplexes of 21-24 bp in length, flanked by 3 0 and 5 0 overhangs at both ends. To our surprise, the complex with dual-forked DNA substrates resulted in crystals with greatly improved diffraction, from which we obtained a structure of the complex at a higher resolution of 2.6 Å . This result suggests that this dual-forked DNA is closely related to the in vivo substrate used by Cas1-Cas2.
Dual-Forked DNA Is the Substrate of Cas1-Cas2 Having found a DNA substrate yielding a high-resolution structure of the complex, we found that a dual-forked DNA substrate of 23-bp duplex length flanked by 3 0 -terminal (T) 10 and 5 0 -terminal (T) 6 overhangs ( Figure 1B ) gave crystals that diffracted to the highest resolution. The structure of the complex was refined at an R work /R free of 0.179 and 0.207 (Table S1 ). The asymmetric unit contains one Cas1-Cas2-DNA complex, which possesses a pair of asymmetric Cas1 dimers (Cas1a/b and Cas1a 0 /b 0 ) and one symmetric Cas2 dimer, together with one dual-forked DNA substrate ( Figures 1C, 1D , and S1C). The entire Cas1-Cas2-DNA complex exhibits 2-fold symmetry, with each half composed of Cas1a, Cas1b, and Cas2 subunits and bound DNA substrate. In detail, the pair of symmetric Cas2 subunits are sandwiched between the pair of asymmetric Cas1 dimers ( Figure 1D ), similar to the single-forked DNA-bound Cas1-Cas2 complex (Figure S1B) . The Cas1a/b dimer is structurally similar to its symmetry-related Cas1a 0 /b 0 dimer counterpart, with Cas1a being similar to Cas1a 0 and Cas1b similar to Cas1b 0 . Cas1-Cas2 is shaped like a wings-down butterfly, containing one flat top surface and an arch-shaped surface on the opposite face ( Figures 1D, top , and S1D). In our structure, 14 amino acids at the N-terminal tails of Cas1a and Cas1a 0 and $40 amino acids at the C-terminal tails in both Cas1 subunits were disordered.
Within our crystal structure of the complex, the designed DNA features visible forks at either end, with a 23-bp duplex sandwiched between fork elements. The dual-forked DNA lies on the flat surface of Cas1-Cas2, and the two 3 0 overhangs thread into the C-terminal domains of Cas1a and Cas1a 0 , respectively ( Figure 1E ). We observe a multitude of intermolecular interactions between the 3 0 overhangs and the protein, further indicating that the dual-forked DNA is a robust substrate for the cleavage reaction by Cas1-Cas2, as discussed further below.
The DNA Duplex Segment Slots into the Flat Surface Provided by Cas1-Cas2 Next, we investigated the interaction between the DNA and the protein in the complex in greater detail. The 23-bp duplex closely follows the contours of the flat surface at the top of Cas1-Cas2, starting from Cas1a 0 /b 0 at one end, reaching across to Cas1a/b at the other end, and interacting with intervening Cas2 along its path ( Figure 1E ). Comparison of the duplex in the dual-forked DNA with the canonical B-form duplex DNA shows that the interaction between the duplex and Cas1-Cas2 induces bending of the DNA ( Figure S2A ). As shown in Figure 2A , either end of the duplex straddles the Cas1 dimer interface. In this region, the duplex forms hydrogen bonds via its phosphate groups with Arg59, Arg245, and Arg248 of Cas1a 0 and Val27, Asp29, Gly30, and Ser61 of Cas1b 0 ( Figures 2B and 2C ). The last four base pairs (positions 19-23) of the duplex segment are stabilized by the Cas1a/b dimer in a similar manner to that observed for the symmetry-related first four base pairs (positions 1-4).
The central segment of the duplex lies on the surface of the Cas2 dimer and is stabilized by charge-charge interactions via its phosphate backbone with the positively charged Cas2 surface ( Figure S2B ). As shown in Figure 2D , the side chains involved in these interactions are from Arg14, Arg16, Arg77, and Arg78, together with the main chain of Asn10. Individual substitutions of these Arg residues by Ala and the double mutant of Arg77Ala and Arg78Ala reduced spacer acquisition. In addition, no new spacer acquisition was observed for Arg14Ala and Arg16Ala dual mutant ( Figure 2E ). Together, these results indicate that the interactions between Cas2 and duplex DNA are crucial for spacer acquisition. 
Two Tyrosine Residues Determine the 23 nt Length of the Bracketed Duplex Segment
Next, we investigated what specific interactions with the protein determine the length of the duplex segment in the complex. As shown in Figures 2B and 2F , the first base pair of the duplex stacks on the side chain of Tyr22 of Cas1a 0 , and the last base pair stacks on the Tyr22 of Cas1a. Such bracketing by the tyrosines prevents additional base pairs from participating in the duplex structure, with the tyrosines in addition serving as wedges that generate duplex single-strand junctions ( Figure 2B ). Thus, these two tyrosines from the symmetry-related Cas1a subunits serve as a caliper to measure a 23-bp duplex segment of the bound DNA ( Figure 2F ). In the case of this E. coli Cas1-Cas2-DNA complex structure, the distance between these two Tyr22 residues is 76 Å , creating a ruler that fits a B-form DNA duplex with the length of 22-23 bp.
To investigate whether the distance between the two Tyr22 residues is a function of the length of the duplex, we analyzed additional structures containing DNAs of shorter duplex length. Contrary to our expectations, the length of the duplex found in the structure of Cas1-Cas2 bound to the dual-forked DNA with 22-bp duplex was not 22 bp but, rather, 23 bp, identical to the complex containing 23-bp duplex dual-forked DNA discussed above ( Figures S2C-S2E ). Thus, the assembly of the Cas1 and Cas2 complex forms the basis for the two side chains of Tyr22 residues from Cas1a and Cas1a 0 to work together as a ruler that defines the precise length of the duplex. In type I-E Cas1, Tyr22 is conserved to a certain extent, being always a planar/large side-chain residue (such as His or Arg), which could possibly also stack with the base pairs at both ends ( Figure S3 ). Together, these observations strongly suggest that the duplex length is not simply a result of our DNA design but is a function of the intrinsic properties of the Cas1-Cas2-DNA complex. This explains how Cas1-Cas2 provides a ruler that measures with great precision the length of the DNA duplex.
3
0 Overhangs Thread through the C-Terminal Domains of Cas1a As the two Tyr22 residues act as wedges between the duplex and overhangs at the fork site, they cause a flip of the 3 0 overhangs away from the duplex ( Figure 2G ). As a consequence, the 3 0 overhangs thread through the C-terminal domain of Cas1a ( Figure 2H ) in a similar manner at both ends of the complex. The 10-nt 3 0 overhangs (numbered 24-33) adopt an irregular curve-line conformation and form extensive intermolecular interactions with the C-terminal domains of Cas1a ( Figure 2H ). Nucleotide 24 flips away from the duplex, with its phosphate groups stabilized by hydrogen bonding to residues Glu80 and Tyr86 of Cas1a ( Figure 2I ). Nucleotide 25 is stabilized via stacking on the side chain of Trp3 of Cas1b, with further stabilization via interaction of its phosphate group with Arg84 of Cas1a (Figure 2I) . Nucleotides 26-28 are stabilized via interactions with residues Trp170, Arg163, Thr184, Tyr188, His208, and Tyr217 of Cas1a (Figures 2I and 2J) . Thus, these intermolecular interactions stabilize the bound single-stranded 3 0 overhangs at either end, which is likely to be a pre-requisite for proper cleavage function of Cas1 (see below).
PAM Recognition
The molecular basis for the selection of the protospacer remains unknown. In E. coli, spacers are chosen from protospacer containing a 5 0 -AAG-3 0 PAM sequence, and it was shown that the protospacer is cleaved between G-1 and A-2 within the PAM and that G-1 is inserted along with the protospacer (Datsenko et al., 2012; Goren et al., 2012; Swarts et al., 2012) . In our structure, the cleavage is found between nucleotides 28 and 29 as described later, suggesting that nucleotides 28-30 in the 3 0 overhang are complementary to the PAM sequence. Therefore, in vivo, these three nucleotides in the overhang should contain the sequence 5 0 -CTT-3 0 , as this is complementary to the PAM 5 0 -AAG-3 0 sequence. To provide insights into the molecular mechanism of PAM recognition by Cas1, we next determined the crystal structure of E. coli Cas1-Cas2 bound to DNA containing the PAM-complementary 5 0 -CTT-3 0 sequence ( Figures 3A-3C and Movie S1) instead of the original oligo-T sequence at positions 28-30. The overall structure of the PAM-complementary-containing complex is similar to the oligo-T-containing complex, though there are some important differences. Therefore, we will discuss below the PAM-complementary bound region, as well as those regions that differ between the PAM-complementary and oligo-T-bound structures of the complex. Given that the two 3 0 overhangs bearing the PAM-complementary sequence insert into the C-terminal domain of Cas1a and Cas1a 0 in the same manner, we will describe only the structural features of the 3 0 overhang bound to Cas1a.
As shown in Figure 4A , seven nucleotides were visible at the 3 0 overhang, where they adopt a hook-shaped curve and meander through the C-terminal domain of Cas1a. Nucleotides 24-27 are stabilized by Cas1a in the PAM-complementary-containing complex, in a manner similar to that observed in the oligo-T-containing complex described above. Nucleotides C28, T29, and T30 are positioned orthogonally to each of their preceding nucleotides and fit into a binding pocket provided by the C-terminal domain of Cas1a and the C-terminal tail of Cas1b. It is clear from the PAM-complementary-containing complex structure that this pocket is base specific for the CTT sequence. The nucleotide C28, which is complementary to the conserved G in the PAM sequence, is read out by two base-specific hydrogen-bonding interactions. The Watson-Crick edge of C28 forms a hydrogen bond with the side chain of Lys211 of Cas1a and with the non-bridging phosphate oxygen of nucleotide 27 ( Figure 4B ). The pyrimidine ring of C28 is further stabilized as a result of being sandwiched between the side chains of Tyr217 (Cas1a) and Ile291 (Cas1b) residues. The base of T29 is flexible in the oligo-T-containing structure. By contrast, in the PAMcomplementary-containing complex, the base of T29 stacks on the side chain of Gln287 of Cas1b, with its Watson-Crick edge forming a base-specific hydrogen bond with the backbone oxygen of Arg138 of Cas1a. Further, the non-bridging phosphate oxygen atoms of T29 form hydrogen bonds with the side chains of His208 from Cas1a and Gln287 of Cas1b ( Figure 4C ). T30, whose base stacks on the side chain of Tyr165, is also recognized in a sequence-specific manner by forming hydrogen bonds involving its Watson-Crick edge with the main chain of Tyr165 in the PAMcomplementary-containing complex ( Figure 4C ).
To investigate how the base-specific interaction between Lys211 and C28 is related to conservation of the G residue, which is present at the 5 0 end of most of the newly acquired spacers, we sequenced newly acquired spacers within either wild-type or the Lys211Ala Cas1 mutant. We found that, in the wild-type Cas1, $76% new spacers are flanked by a 5 0 G, whereas it is reduced to 47% in the Lys211Ala mutant. The Watson-Crick edge of C28 is recognized in a sequence-specific manner via two hydrogen bonds. Removing one base-specific interaction with C28 by substituting Lys211 with Ala markedly decreased the degree of G conservation ( Figure 4D ). Thus, the interaction between the bases of C28 and Lys211 is important for the insertion of the conserved G.
Single-Stranded Nature of the 3 0 Overhang Is Critical for New Spacer Acquisition To test the significance of the 3 0 -terminal single strand and the PAM-complementary sequence, we conducted electrophoretic mobility shift assays (EMSA). As shown in Figure 4E , the presence of 3 0 overhangs significantly increases the binding affinity between Cas1-Cas2 and DNA. Cas1-Cas2 binds blunt-end double-stranded DNA with lower affinity than dual-forked DNA. Using a DNA duplex flanked by a 4-nt 3 0 overhang at both ends moderately increased the affinity for Cas1-Cas2. However, the binding affinity increased significantly upon extension of the 3 0 overhang by either 7 or 10 nt, with no further change on proceeding from 7-10 nt. By contrast, weak binding was observed when the DNA substrate contained 10-nt 5 0 overhangs ( Figure S4A 
Impact of DNA-Binding Cas1 and Cas2 Mutants on Complex Formation
As shown in Figure 4A , the 3 0 overhangs are located within the C-terminal domain of Cas1a, where they are stabilized by numerous intermolecular interactions ( Figure 5A ). With the exception for the PAM-complementary sequence, the 3 0 overhangs bind to the Cas1 dimer mainly through non-sequencespecific interactions. Aromatic residues Tyr165, Trp170, and Tyr 217 on Cas1a are involved in stacking interactions with the bases of the 3 0 -overhang segment. We observe in an EMSA assay a modest decrease in binding affinity for the alaninesubstituted Tyr165 and Trp170 dual mutant, while a more pronounced decrease is observed for the Tyr165 and Tyr217 dual mutant ( Figure 5B, top) , with the latter two involved in complementary-PAM recognition ( Figures 4B and 4C ). In addition, a significant reduction in binding affinity is observed for alaninesubstituted Arg14 and Arg16 dual mutant ( Figure 5B , bottom), consistent with these Cas2 residues involved in intermolecular recognition with the duplex segment ( Figure 5A ).
Impact of DNA-Binding Cas1 Mutants on In Vivo Spacer Acquisition Tyrosine residues 165, 188, and 217, as well as Lys211 on Cas1a, are involved in intermolecular recognition of the See also Figure S3 and Movie S1.
PAM-complementary sequence of the 3 0 overhang in the Cas1-Cas2-DNA complex ( Figures 4B, 4C , and 5A). Replacement of individual Tyr165, Tyr188, and Tyr217 by alanine resulted in significant reduction in spacer acquisition in an in vivo assay, while a modest reduction was observed for the Lys211Ala mutant, as shown in Figure 5C , top. Interestingly, Tyr22, which is involved in bracketing the duplex segment ( Figure 2F ), shows only a modest decrease in spacer acquisition on replacement by alanine ( Figure 5C, top) . This was unanticipated but may reflect the dominant role of intermolecular interactions involving the 3 0 -overhang segment to generation of the duplex single-strand junction, as reflected in loss of spacer acquisition for the Arg245Ala and Arg248Ala dual mutant ( Figure 5C , bottom) that is positional at the junctional site ( Figure 5A ).
Identification of the Cleavage Site within the 3 0 -Overhang Segments The nuclease activity of Cas1 is crucial for new spacer acquisition, with conserved residues His208, Glu141, Asp221, and Asp218 crucial for this function (Nuñ ez et al., 2014) . In our structure of the complex, the phosphate group of nucleotide 29 is positioned adjacent to the side chains of His208, Glu141, and Asp221 that line the catalytic pocket, with the side chain of His208 forming a hydrogen bond with the phosphate group of T29 ( Figure 5D ). This suggests that Cas1 cleaves the phosphodiester bond between nucleotides 28 and 29, resulting in a DNA cleavage product that contains a 5-nt 3 0 overhang (Figure 5E) . We thus performed a cleavage assay using a 23-bp duplex DNA flanked by 10-nt 3 0 overhangs at either end. As shown in Figure S4B , the cleavage product is indeed 5 nt shorter, See also Figure S4 .
confirming the proposed cleavage site. Here, seven nucleotides within the 3 0 -terminal overhangs are observed in our structure, suggesting that Cas1-Cas2 binds an intact substrate. Another residue, Asp218, was previously thought to be a catalytic residue (Babu et al., 2011) . However, in our structure, it is positioned away from the catalytic pocket and does not directly contact the DNA substrate. Instead, it stabilizes the alignment of the conserved catalytic residue His208 via a hydrogen bond ( Figure 2J ).
PAM-Complementary Sequence Stabilizes C-Terminal Tail of Cas1b
We compared the structures of PAM-complementary-containing complex and oligo-T-containing complex to highlight the conformational change upon binding of the PAM-complementary sequence. As shown in Figure S5A , the overall structures of these two complexes are similar, though there are distinct differences. Thus, in the complex containing oligo-T DNA, the prolinerich C-terminal tails of Cas1b and Cas1b 0 are disordered. By contrast, in the PAM-complementary-containing complex, the C-terminal tails of Cas1b and Cas1b 0 are well ordered and are involved in the binding of the PAM-complementary sequence ( Figures 4B and 4C ). In the PAM-complementary-containing complex, the loop containing the residues 278-305 of Cas1b covers the catalytic pocket of Cas1a, similar to a lid-like topology ( Figures 5F and S5B) . Residues Ile291 and Gln287 in the C-terminal tail are involved in the interaction with the PAM-complementary sequence ( Figures 4B and 4C) , suggesting that the interactions between the PAM-complementary sequence and the C-terminal tail of Cas1b stabilize the fold of the latter. Interestingly, in the DNA-free complex (PDB: 4P6I), the C-terminal tail of Cas1b is ordered and spans Cas2 ( Figure S5C ) (Nuñ ez et al., 2014) . In the PAM-complementary-containing complex, the C-terminal tail of Cas1b does not span Cas2 any longer but covers the catalytic pocket of Cas1a ( Figure S5B ).
The Conformational Changes of Cas1-Cas2 upon Protospacer Binding
To investigate whether the binding of the protospacer causes structural rearrangements of Cas1-Cas2, we performed comparative superposition analysis. Comparison of the DNAfree ( Figure S6A ) and DNA-bound ( Figure S6B ) structures reveals that the protospacer binding triggers large structural rearrangements in Cas1-Cas2. The Cas1-Cas2 in its DNA-free state adopts a ''wings-up'' butterfly-shaped configuration, in which the four Cas1 monomers represent the wings and the Cas2 dimer represents the body ( Figure S6C, left) . Superposition of the Cas2 dimer of the free and DNA-bound structures shows that the two Cas1 dimers rotate in either clockwise (Cas1a/b) or anti-clockwise (Cas1a 0 /b 0 ) directions upon complex formation ( Figures 6A, S6A , and S6B), similar to butterfly wings dropping into a spread-out position ( Figure S6C, right) . This conformational change of the Cas1-Cas2 likely facilitates new spacer incorporation into the CRISPR locus. First, this rotation results in the generation of a flat protein surface for binding the duplex segment of the bound DNA ( Figure 1D ). Second, this rotation repositions the two tyrosine residues from Cas1a and 1a 0 into forming a bracket that precisely spans the full duplex length (Figure S6D) . Third, the rotation and loop (residues 163-174 of Cas1a) movement results in the formation of an optimal catalytic pocket within Cas1a, allowing site-specific cleavage (28-29 step) within the 3 0 overhang ( Figure 6B ). Fourth, it creates a deep arch-shaped surface on the opposite face of the duplexbinding surface ( Figure 1D) .
To understand what induces the conformational change of Cas1-Cas2 upon protospacer binding, we superimposed either Cas2 or Cas1b 0 in their DNA-free and DNA-bound states ( Figures  6C and 6D ). As shown in Figure S6E , two antiparallel b strands (b6-b7) of Cas2 interact with Cas1b. A comparison of Cas2 structures in the DNA-bound and DNA-free Cas1-Cas2 (PDB: 4P6I) shows that b6-b7 of Cas2 undergoes a significant conformational change ( Figure 6C ). Upon protospacer binding, Arg77 of Cas2, which is positioned in the loop linking b6-b5, flips by 180 degrees, allowing formation of an interaction with the DNA duplex ( Figure 6C ). The downstream residue Arg78 is also involved in duplex DNA binding ( Figure 2D) . Together, as a consequence of these interactions, the b6-b7 sheet moves away (see yellow arrow, Figure 6C ) from the core ferredoxin fold of Cas2.
Next, we compared the structures of the Cas1-Cas2 interface by superimposing Cas1b 0 within the DNA-free and DNA-bound complexes. With Cas1b 0 well superposed, Cas2 and Cas1a/b rotate away from the DNA-binding interface, as indicated by the yellow arrow ( Figures 6D, S6F, and S6G) . Interestingly, b6-b7 of Cas2 also superposed well along with Cas1b 0 during this superimposing of free and bound states ( Figure 6D) , suggesting that the binding of the protospacer does not affect Cas1-Cas2 interaction and that the loop linking b6 and the core ferredoxin fold of Cas2 plays an essential role in the hinge-mediated movement upon protospacer binding.
DISCUSSION
In this structural study, we reveal the precise nature of the DNA substrate of Cas1-Cas2. Furthermore, we provide evidence that the structural properties of this complex are the basis for the strict length requirements observed for newly acquired spacers incorporated into the CRISPR array. Lastly, we identify the mechanisms behind the selection of the protospacer sequence, namely by Cas1-Cas2 recognizing the PAM-complementary sequence in the invading DNA.
Cas1a and Cas1b Subunits Perform Different Functions during Acquisition
Cas1 proteins are asymmetrical homodimers, whereby two Cas1 monomers forming the dimer adopt different conformations, in relation to the relative orientations between the N-and C-terminal domains ( Figure 6E ). The asymmetry of the Cas1 dimer was also observed in DNA-free E. coli Cas1-Cas2 (Nuñ ez et al., 2014) and in DNA-free Cas1 dimers from other organisms (Babu et al., 2011; Kim et al., 2013; Wiedenheft et al., 2009 ). This indicates that it is a common feature of Cas1 that its two monomers within the dimer adopt different conformations, which implies that these two monomers are likely to have different biological functions.
As shown in Figure 4A , the 3 0 overhang inserts into the C-terminal domain of Cas1a and threads through the catalytic site. The 5 0 overhangs interact with the C-terminal domain of Cas1b or Cas1b 0 that belong to two neighboring symmetric complexes in the crystal lattice ( Figure S6H ). However, it is unclear whether this latter structural feature results from complex formation or from crystallographic packing of another complex next to the 5 0 overhangs. Nevertheless, the possibility can be excluded that the 5 0 overhangs bind to Cas1b or Cas1b 0 . In our structures, Cas1b and Cas1b 0 form contacts on either side of the Cas2 dimer, while no contacts are observed between Cas1a or Cas1a 0 with the Cas2 dimer. Arg245 and Arg248 in Cas1b are involved in interaction with Cas2 0 (Figure S6E ), whereas these residues in Cas1a interact with the DNA duplex ( Figure 2B ). Together, each asymmetrical Cas1 homodimer possesses one catalytic subunit (Cas1a and Cas1a 0 ), which generates a 3 0 -OH group following cleavage and for recognition of the PAM-complementary sequence to select the protospacer, and one subunit (Cas1b and Cas1b 0 ), which is responsible for forming Cas1-Cas2. Thus, our structure sheds light on the question of why Cas1 dimers are asymmetric, with the subunits fulfilling two different functions.
Function of Cas2
Our structures of the complexes also shed light on the role of Cas2 during CRISPR adaption. The Cas2 dimer bridges two Cas1 dimers, forming Cas1-Cas2, which then provides the binding surface for the protospacer DNA. Together with two Cas1 dimers, Cas2, acting as a space holder, measures the length of the duplex by ensuring that the Tyr22 residues of Cas1a and Cas1a 0 are positioned exactly 23 nt apart from each other ( Figure 2F ). Moreover, the Cas2 dimer plays crucial roles in stabilizing the bound duplex DNA by forming hydrogen bonds with the backbone of the DNA duplex ( Figure 2D ). Also, opposite to the duplex binding surface of Cas2 is an arch-like structure, which is likely to be involved in recognition of the target DNA, based on our observation that the arch topology contains positively charged patches formed by residues Lys38 and Arg40 of Cas2 and Arg256 and Lys259 of Cas1b ( Figure 6F ). Notably, Lys38Ala and Arg40Ala (Cas2) dual mutant significantly reduced spacer acquisition, while no insertion was observed for the Arg256Ala and Lys259Ala (Cas1) dual mutant ( Figure 6G ). However, further studies will be required to verify the target DNA binding site. Thus, the Cas2 dimer acts as an adaptor protein, bringing two Cas1 dimers together while stabilizing and measuring the length of the protospacer DNA, as well as binding to the target DNA.
Cas1-Cas2 Predetermines the Length of the Protospacer
Our structural analysis revealed that the most promising substrate of Cas1-Cas2 is composed of a dual-forked DNA, which contains both a double-stranded duplex and 3 0 single-stranded overhangs on both ends. Importantly, the site of interaction involving the catalytic residues with the DNA is 5 nt away from the end of the duplex ( Figure 5D ). Thus, the putative DNA fragment contains 23 nt of the duplex region, as well as 5-nt 3 0 overhangs at both ends, resulting in a total distance of 33 nt from one cleaved 3 0 end to the other ( Figure 5E ). This finding is consistent with a recently proposed model (Nuñ ez et al., 2015) , which suggests that Cas1-Cas2 inserts the invading DNA into the CRISPR locus like an integrase, with the length of the newly acquired spacer in the CRISPR locus depending on the 3 0 ends of the two strands of the protospacer DNA. Therefore, our structures of the Cas1-Cas2-DNA complex most likely represent the Cas1-Cas2-protospacer-containing DNA complex. These structures provide insights into how Cas1-Cas2 predetermines the length of protospacer by utilizing two Tyr22 residues to measure a 23-bp duplex, and the positioning of the catalytic residues determines the cleavage position, thereby generating 5-nt 3 0 overhangs on both strands. Thus, the architecture of the Cas1-Cas2-protospacer DNA complex provides the basis for the observed length of 33 nt of the DNA cleavage product, thereby explaining what factors contribute to the determination of the constant length of newly acquired spacer in vivo.
Source of Protospacer
Prior to our study, the exact nature of the DNA substrate associated with Cas1-Cas2 was unknown. Here, we reveal that, apart from a double-stranded duplex region, single-stranded overhangs are critical for DNA-protein complex formation. We show that the unique interaction between the 3 0 overhang and the catalytic domain of Cas1a is possible for ssDNA overhangs, but not for rigid dsDNA duplexes. In addition, our binding assay suggests that a 3 0 overhang containing a minimum of 7 nt is essential for the association between Cas1-Cas2 and the DNA substrate ( Figure 4E) , possibly because the last 3 nt (positions 5-7 in the overhang) are, in fact, complementary to the AAG-containing PAM sequence in the invading DNA, thereby explaining why each new spacer starts with a G residue (Yosef et al., 2013) .
If our model is correct, the question arises as to where such a single-stranded protospacer overhang would occur in an in vivo situation, i.e., in the invading phage or plasmid DNA. Intriguingly, spacer acquisition was shown to be highly replication dependent. The DNA degradation intermediates of RecBCD complex present at stalled replication forks might be the source of new spacers, as these intermediates include ssDNA fragments and degraded dsDNA (Levy et al., 2015; Paez-Espino et al., 2013) . This finding fits well with our analysis and addresses the question of the origin of the single-stranded protospacer 3 0 overhang (Figure 7A) , and our results also address why the protospacer hotspots are located between sites of stalled replication forks and Chi sites. Together, our structures strongly suggest that E. coli protospacers are recognized and associated with Cas1-Cas2 in a dual-forked DNA topology, consisting of a 23-bp duplex and a minimal 7-nt single-stranded 3 0 overhang in vivo. Therefore, in addition to the PAM that affects the spacer choice, the structural feature of the protospacer DNA also influences the frequency of protospacer incorporation.
Protospacer Selection
The interactions observed in our structure between Cas1a and 5 0 -CTT-3 0 ( Figures 4B and 4C) , together with the EMSA results indicating the minimal 7-nt length requirement of the 3 0 overhangs ( Figure 4E ), strongly suggest that the PAM-complementary sequence (being the last three nucleotides in the 7-nt 3 0 overhang) plays a significant role in ensuring proper complex formation. In agreement with the important role of the length of 3 0 overhangs, the complex of Cas1-Cas2 co-crystallized with single-forked DNA containing 10-bp duplex and only six T overhangs at both 3 0 and 5 0 ends was free of DNA, indicating insufficient association between DNA and protein complex. Together, these findings support the notion that 3 0 overhangs of defined length and the PAM-complementary sequence are both essential for DNA binding to Cas1-Cas2 and thus critical for spacer acquisition. In all likelihood, these results explain the observation that AAG motif in the PAM sequence enhances adaption of the protospacer adjacent to it (Yosef et al., 2013) .
PAM recognition is essential for protospacer selection during acquisition and for target selection during crRNA interference Mojica et al., 2009 ). In the acquisition machinery of E. coli type I system, Cas1a recognizes the PAM-complementary sequence in its single-stranded form. In the type II system, during crRNA interference, the target DNA flanked by PAM sequence (5 0 -NGG-3 0 ) is recognized by Streptococcus pyogenes Cas9 in its dsDNA form (Anders et al., 2014) . Interestingly, in the type II CRISPR-Cas system, Cas9 is not only involved in the interference, but also in the spacer acquisition by associating with Cas1, Cas2, and Csn2 forming the acquisition machinery, thus coupling the interference and the acquisition machineries (Heler et al., 2015) .
In the spacer acquisition step of both type I and II systems, Cas1 and Cas2 are critical, and the cleavage activity of Cas1 is essential for acquisition. By contrast, Cas9 binds the PAM in the type II system, while Cas1 recognizes the PAM-complementary sequence in the type I system. Whether Cas1 is also involved in the protospacer selection in the type II system remains under debate.
Mechanism of CRISPR Acquisition
Given that Cas1-Cas2 is symmetric, both Cas1a and Cas1a age, Cas1-Cas2 catalyzes the integration of the incoming DNA at the leader end of the CRISPR locus by two nucleophilic attacks at two sites on opposing strands (Nuñ ez et al., 2015; Rollie et al., 2015) . The leader-Repeat1 segment is asymmetric, and the two sites on the target DNA have different sequences, with the choice of 3 0 -OH selection based on the terminal residue being a C. As shown in Figure 7B , site 2 (5 0 -CGG-3 0 ) may preferentially select the 3 0 -OH of C. Thus, the leader sequence and the sequences surrounding the protospacer integration sites may play a critical role in correctly orienting the 3 0 -OH of C end of the protospacer DNA substrates for incorporation within the CRISPR locus. A recent study found that an artificial leader-Cas combination results in the insertion of the complex in the wrong orientation (Díez-Villaseñ or et al., 2013) . This observation is consistent with our model shown in Figure 7B . Therefore, we speculate that the sequence of leader-repeat 1 within the CRISPR locus may affect the binding orientation of the Cas1-Cas2-protospacer complex on the CRISPR locus.
CRISPR Adaption Likely Works through a Cut-and-Paste Mechanism As Cas1 and Cas2 proteins are essential in both naive and primed adaptation, we propose that our structures of the complexes are likely to be suitable for both types of immunity. During primed adaptation, the partial ssDNA, resulting from the Cas3 degradation product or from an R loop formed upon crRNA binding target DNA, might be used as a precursor for new spacers by Cas1-Cas2. To date, the general assumption is that spacer acquisition works through a copyand-paste mechanism, as opposed to a cut-and-paste process. Our structures reveal that Cas1 selects and cuts the foreign DNA to generate a spacer, which is in agreement with previous studies stating that Cas1-Cas2 mediates the cleavage-ligation reaction (Arslan et al., 2014) , indicating that the CRISPR adaption likely works via a cut-and-paste mechanism.
The acquisition of new spacer sequences is absolutely essential for acquiring immunological memory and is crucial for maintaining an advantage over invading DNA elements by continuously updating the DNA library for crRNA interference of invading DNA elements. Our study shows that E. coli possesses a sophisticated machinery that utilizes frequently occurring PAM sequences as essential identification markers, which allow for efficient cleavage of the DNA sequence once embedded into Cas1-Cas2. Therefore, Cas1-Cas2 acts as a sequence-specific integrase. Of equal importance, this protein complex was designed by nature in such a manner that the protospacer binding results in a major conformational change in the protein, in the process of which an arch-like structure is created that is likely to be involved in proper binding to the first repeat of the CRISPR locus. These findings should lay the foundation and greatly facilitate the quest for identifying additional insights into the structural mechanisms responsible for the integration of new spacers into the CRISPR locus.
EXPERIMENTAL PROCEDURES
Detailed experimental procedures are described in the Supplemental Experimental Procedures.
E. coli Cas1 and Cas2 were cloned into pET-sumo expression vector and expressed in E. coli Rosetta2 (DE3) (Novagen). Cas1 was purified by chromatography on nickel and Heparin HP column (GE Healthcare). Cas2 was purified by chromatography on nickel, Q FF column, and Superdex 200 (GE Healthcare). Cas1 and Cas2 proteins were concentrated to 35 mg/ml and 5 mg/ml, respectively. The Cas1 and Cas2 mutants were made with Quick-Change kit and verified by sequencing. All mutant proteins were expressed with the same protocol as that used for the wild-type protein.
The Cas1-Cas2 single-forked DNA complex was reconstituted by incubating Cas1, Cas2, and single-forked DNA at the molar ratio of 1:1.1:0.6 on ice for 30 min and was further purified by gel filtration. The Cas1-Cas2 dualforked DNA complex was reconstituted on ice for 30 min by incubating Cas1, Cas2, and DNA at the molar ratio of 1:1.1:0.3.
The Cas1-Cas2-DNA complexes were crystallized at 16 C by the hangingdrop vapor diffusion method. All Cas1-Cas2-DNA complex crystals were obtained by mixing equal volumes of complex solution and reservoir solution. X-ray diffraction data were collected at 100 K on the beamlines BL-17U and BL-19U at Shanghai Synchrotron Radiation Facility. All structures were solved by molecular replacement using the Cas1 monomer and Cas2 monomer in the DNA-free Cas1-Cas2 structure as the search models. All structures were refined using the program Refmac and Phenix and were manually built with COOT. All structural figures were prepared with Pymol (http://pymol.org). Binding affinities of various DNA molecules to Cas1-Cas2 were tested using an EMSA. Functional importance of DNA-interacting residues was validated by EMSA and by using an in vivo spacer acquisition assay, as described previously . Furthermore, the cleavage assays were undertaken using 5 0 Cy3-labeled DNA with 23-bp duplex flanked by 10-nt 3 0 overhangs.
The sequences of all DNA oligonucleotides used in the study are listed in Table S2 .
ACCESSION NUMBERS
The atomic coordinates of the Cas1-Cas2-DNA complexes have been deposited in the Protein Data Bank with accession numbers listed in parenthesis. Cas1-Cas2 single-forked DNA (PDB: 5DQU), Cas1-Cas2 dual-forked DNA with 23-bp duplex (PDB: 5DLJ), Cas1-Cas2 dual-forked DNA with 22-bp duplex (PDB: 5DQT), and Cas1-Cas2 bound to the PAM-complementary sequence (PDB: 5DQZ). 
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